Abstract-Rigid tapping in drilling and tapping centers is an electromechanical control system with strong nonlinearity, uncertainty, and difficulty in accurate modeling. It will inevitably be affected by nonlinear and uncertain factors such as friction and mechanical resonance. The traditional motion control algorithm is difficult to fundamentally solve the contradiction between the rapid stability of the system response and the high stability accuracy. The electromagnetic torque is one of the most important physical quantities of the three-phase asynchronous motor, and the mechanical characteristics are the main characteristics of the motor; from these two aspects it is often inseparable to analyze the motor. This paper proposed an algorithm of subsection approximating torque curve acceleration and deceleration and applied this algorithm to the rigid tapping engineering practice of CNC machine tools. The control method did not need to establish the exact mathematical model of the torque characteristics of the motor mechanical characteristics. The method of segment approximation achieves the modeling of the mechanical characteristic torque curve, has satisfied the comprehensive index requirements and technical feasibility of the system for rapidity and smoothness, and finally passed the test of the test platform and verified the actual tapping of the drilling.
INTRODUCTION

A. Rigid Tapping Introduction
The drilling and tapping center is a CNC machine tool for cutting metal. It is the most efficient and high-precision machine tool integrating cutting, drilling and tapping on the market. Compared with other CNC machine tools, the main features of the drilling and tapping center are compact and flexible, high displacement speed, high spindle speed, fast drilling and tapping, and fast tool change. The drilling and tapping center is favored by the market due to its high-speed, high-precision processing characteristics, and is a key equipment for the manufacture of product parts [1] . The tapping center tapping speed is one of the important indicators to measure the performance of machine tools. 
B. Following Error Compensation of Rigid Tapping
Because the spindle servo drive and the Z-axis servo drive gain are not exactly matched during rigid tapping and are affected by nonlinear and uncertain factors such as friction force, mechanical resonance, etc., the spindle rotation and Zaxis feed are not completely synchronized. Since the servomotors of the motion axes (X-axis, Y-axis, and Z-axis) have faster response than the spindle servomotors, in order to ensure that the machine tool operates in an optimum state, generally the servomotors of the spindles are subjected to acceleration and deceleration motion control, and the motion axis servomotors are performed. Simultaneous movement, realtime monitoring of following error in the synchronization process, and appropriate adjustment of the incremental interpolation value of the movement axis can effectively improve the synchronization of the Z-axis and the spindle [3] [4] . When performing low-speed rigid tapping, the spindle servo motor uses traditional acceleration/deceleration motion control algorithms, such as S-shaped algorithm, trigonometric function algorithm, and exponential algorithm, etc., which can basically meet the control requirements. However, when performing high-speed rigid tapping, traditional acceleration and deceleration motion control algorithms are difficult to fundamentally solve the contradiction between fast and stable system response and high stability accuracy and cannot meet the requirements of fast tapping and stability for rigid tapping of machining centers [7] [8] [9] [10] [11] [12] . This paper proposed an approximation torque curve acceleration and deceleration motion control algorithm which can meet the requirements of high-speed rigid tapping control.
C. Mechanical Characteristics of the Motor
Under rated speed, the motor is basically constant torque speed, which means that the torque output by the motor would not be affected by the speed, it will only have a relationship with the load. Above the rated speed of the motor, the motor is constant power speed control mode, that is, the higher the speed, the smaller the torque [5] . Just as the car runs faster, the acceleration is slower. As shown in Fig. 2 , the motor runs at rated speed (ie, constant torque speed control mode). Different acceleration and deceleration motion control algorithms have little effect, and when the motor runs beyond the rated speed (constant power speed control mode), the deceleration curve needs to be matched with the torque curve in order to ensure a small following error between the spindle motor and the motor of the movement axis, so as to meet the requirements of fast and stable system response and high stability and accuracy [6] . Due to different power spindle motor tapping speed, different pitch, different materials, the torque curve of the motor is different, so the error band of the following error is not the same. It is impractical to establish a general mathematical model of the motor's mechanical characteristic torque curve, therefore, this paper proposes a motion control algorithm for subsection-approximation torque curve acceleration and deceleration to achieve mathematical modeling of the mechanical characteristic torque curve of the spindle motor. The segmental linear acceleration/deceleration speed segment diagram is shown in Fig. 3 , and is divided into 9 segments. The acceleration segment is divided into 4 segments and the deceleration segment is divided into 4 segments. In the figure, V1, V2, V3, and V4 are the clamping speeds set by the system, which means that V1 is the maximum speed that the first straight line can reach, the starting speed is Vs, and the starting speed of the second speed is V1. The end speed is V2, that is, the maximum speed that the second straight line can reach is V2, and so on. In general, if V4 is set greater than Vm which is the maximum speed, then Vm is the precondition to calculation. If V4 is smaller than Vm, then Vm=V4 is taken.
According to Figure 3 , the equations for the speed and displacement are as follows:

The acceleration A in the formula is solved as follows: A1ac, A2ac, A3ac, A4ac, A4de, A3de, A2de, and A1de in the speed formula are linear accelerations set by the system. There are two methods for setting the acceleration. One is the setting of direct constant acceleration and the other is the setting of the constant acceleration time. Here is a description of how to set the acceleration at a constant acceleration time (time constant). Set T1ac, T2ac, T3ac, T4ac, T4de, T3de, T2de and T1de as the acceleration and deceleration time constants set by the system, and then use the set linear speeds and time constants to determine the acceleration of each linear segment:
 Dissolve the displacement Si and the segmentation time Ti in each segment of the formula. Substituting equation (4) into equation (3) yields: 
B. Special Case Processing of the Subsection Approach Torque Curve Acceleration And Deceleration Motion Control Algorithm
The speed, displacement and time of the complete curve of the subsection approach torque curve acceleration/deceleration motion control algorithm are explained in detail above, but when the curve is not a complete four-stage linear acceleration/deceleration (such as medium speed or low speed rigid tapping) , you need to back-calculate according to the actual tapping depth and setting speed. The following example illustrates the derivation of the speed, displacement and time of each segment curve when the actual maximum tapping speed can only reach between V2 and V3.
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As shown in Fig. 4 , the speed of the piecewise linear acceleration/deceleration is divided into 6 sections, the acceleration and deceleration sections are divided into 3 sections respectively. The maximum spindle speed can reach Vm (V3 is greater than Vm). According to Figure 4 , the equations for the speed and displacement can be drawn as follows: 
The acceleration A in the formula is solved as follows: in the formula, NE means that there is no acceleration, and the acceleration is set by the constant acceleration time (time constant). Each acceleration of linear segment can be obtained by using the clamping speed and time constant for each linear segment:

Dissolve the displacement Si and the segmentation time Ti in each segment of the formula. Substituting equation (9) into equation (8) yields:
, there is:   
The actual completion of the maximum tapping speed is between V2 and V3, and the derivation of the speed, displacement, and time parameters of each segment of the curve shown above performed the special cases of incomplete linear acceleration and deceleration of the motion parameters. The other special cases could be solved by the same way.
C. Rigid Tapping Experiment
Using the self-developed CNC system, the system can be set to open/close the acceleration/deceleration motion control algorithm of the subsection approach torque curve by using the system parameter settings. When closed, the conventional Sshaped acceleration/deceleration control algorithm is used to tap; when opened, the subsection approach torque curve acceleration and deceleration motion control algorithm is used.
The purpose of the experiment is to compare tapping experiments using conventional S-shaped acceleration/deceleration control algorithms with tapping and subsection approaching torque curve acceleration/deceleration motion control algorithms, to verify that the new algorithm is superior to conventional acceleration/deceleration algorithm control.
To use segmented acceleration and deceleration motion control algorithms could make the motor torque approach the torque curve when running, so as to meet the system's comprehensive index requirements for rapidity and stability, as well as technical feasibility.
Experimental equipment: drilling and attack center with independent research and development of CNC system. 
Experimental data acquisition:
The software internally monitors the feedback value of the spindle and Z-axis motor encoder in real time. The difference is the error value e (k). A real-time sampled error value is generated for "trajectory tracking" files and error maps for data analysis. The internal software of the system is designed as follows:
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D. Experimental Result
By modifying the settings of S and F (combining different rotation speeds and different pitches), a large number of rigid tapping experiments were performed. Experimental results show:
During low-speed tapping, the following error of the conventional acceleration/deceleration motion control algorithm and the new algorithm is distributed in the same interval, and the tapping effect can meet the accuracy requirements;
In the middle-speed tapping, the conventional algorithm in the high-speed segment due to acceleration and deceleration curve acceleration is too large, the spindle motor servo drive response is not fast enough, resulting in increased following error between the spindle servo motor and the feed axis motor, the middle of the thread teeth type has a little bit of cut, smooth finish is not enough; During high-speed tapping, the follow-up error between the axis servo motor and the feed axis motor of the conventional algorithm is significantly increased, the entire tapping surface has severe over-cut teeth, and the tapping fails; the new algorithm can effectively solve this problem, and satisfies the requirements of the comprehensive index for the rapidity and smoothness of the system.
III. CONCLUSIONS
Traditional acceleration and deceleration motion control algorithms are difficult to fundamentally solve the contradiction between fast and stable system response and high stability accuracy and cannot meet the requirements of fast tapping and stability for rigid tapping of machining centers. This paper proposed an algorithm of subsection approximating torque curve acceleration and deceleration and applied this algorithm to the rigid tapping engineering practice of CNC machine tools. The method of segment approximation achieves the modeling of the mechanical characteristic torque curve, has satisfied the comprehensive index requirements and technical feasibility of the system for rapidity and smoothness, and finally passed the test of the test platform and verified the actual tapping of the drilling.
